Aerobic microorganisms have evolved different strategies to withstand environmental oxidative stresses generated by various reactive oxygen species (ROS). For the facultative anaerobic human oral pathogen Streptococcus mutans, the mechanisms used to protect against ROS are not fully understood, since it does not possess catalase, an enzyme that degrades hydrogen peroxide. In order to elucidate the genes that are essential for superoxide stress response, methyl viologen (MV)-sensitive mutants of S. mutans were generated via ISS1 mutagenesis. Screening of approximately 2,500 mutants revealed six MV-sensitive mutants, each containing an insertion in one of five genes, including a highly conserved hypothetical gene, SMU.1297. Sequence analysis suggests that SMU.1297 encodes a hypothetical protein with a high degree of homology to the Bacillus subtilis YtqI protein, which possesses an oligoribonuclease activity that cleaves nano-RNAs and a phosphatase activity that degrades 3-phosphoadenosine-5-phosphate (pAp) and 3-phosphoadenosine-5-phosphosulfate (pApS) to produce AMP; the latter activity is similar to the activity of the Escherichia coli CysQ protein, which is required for sulfur assimilation. SMU.1297 was deleted using a markerless Cre-loxP-based strategy; the SMU.1297 deletion mutant was just as sensitive to MV as the ISS1 insertion mutant. Complementation of the deletion mutant with wild-type SMU.1297, in trans, restored the parental phenotype. Biochemical analyses with purified SMU.1297 protein demonstrated that it has pAp phosphatase activity similar to that of YtqI but apparently lacks an oligoribonuclease activity. The ability of SMU.1297 to dephosphorylate pApS in vivo was confirmed by complementation of an E. coli cysQ mutant with SMU.1297 in trans. Thus, our results suggest that SMU.1297 is involved in superoxide stress tolerance in S. mutans. Furthermore, the distribution of homologs of SMU.1297 in streptococci indicates that this protein is essential for superoxide stress tolerance in these organisms.
oxidative-stress response and its regulation in this organism. Many key regulatory genes, including members of the OxyR and SoxR families, which are involved in sensing and responding to ROS attacks, are not encoded in the genome of S. mutans (2) . Instead, S. mutans has a PerR homolog, which has been shown to be involved in hydrogen peroxide stress response in this organism (21) . The luxS gene of S. mutans, which encodes an enzyme that synthesizes the intercellular signaling molecule AI-2, is also involved in the oxidative-stress response (52) . However, the exact mechanism by which LuxS participates in the oxidative-stress response is currently unknown. Furthermore, a recent investigation suggests that a two-component signal transduction system, ScnRK, is necessary for counteracting ROS in S. mutans (11) .
The major focus of this study was to identify the genes that are involved in the defense against superoxide stress of S. mutans strain UA159. Toward this end, a library of mutants was generated by insertion mutagenesis, and the mutants were screened for their sensitivity to methyl viologen (MV), a superoxide-generating compound. This study enabled the identification of five loci that are potentially involved in superoxide tolerance. One of the identified loci is SMU.1297, which encodes a protein homologous to YtqI of Bacillus subtilis. The biochemical characterization of SMU.1297 and its role in superoxide stress tolerance response are presented.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Escherichia coli strain Top10 (Invitrogen) and other strains were grown in Luria-Bertani (LB) medium supplemented, when necessary, with ampicillin (Am; 100 g/ml), erythromycin (Em; 300 g/ml), and kanamycin (Km; 50 g/ml). S. mutans UA159 cultures were routinely grown in Todd-Hewitt medium (BBL, Becton Dickinson) supplemented with 0.2% yeast extract (THY). S. mutans was also grown in chemically defined medium (CDM) supplemented with 0.5% glucose, prepared by a modification of previously described methods (22, 24) . Briefly, CDM consisted of 58 mM K 2 HPO 4 , 15 mM KH 2 PO 4 , 10 mM (NH4) 2 SO 4 , 35 mM NaCl, 0.1 mM MnCl 2 , 2 mM MgSO 4 , and 0.2% (wt/vol) casein hydrolysate. The medium was supplemented with filter-sterilized vitamins and amino acids (1 mM L-arginine HCl, 4 mM L-glutamic acid, and 0.1 mM L-tryptophan). CDM was supplemented with 0.2% L-cysteine HCl for cultures that required cysteine. When necessary, THY or CDM was also supplemented with Em (10 g/ml) or Km (300 g/ml). Bacillus subtilis strain 168 and its derivatives were grown in LB medium.
Identification of superoxide-sensitive mutants. Insertional mutagenesis was performed with the plasmid pGh9:ISS1, according to the method of Maguin et al. (9, 25, 43) . Briefly, S. mutans was transformed with pGh9:ISS1, and transformants were selected on THY agar containing Em (THY-Em) and incubated at 30°C. An overnight-grown liquid culture was made from a single transformed colony. Cultures were diluted 100-fold in the same medium, grown for 2 h at 30°C, and then shifted to growth at 37°C for 2.5 h to select for transposition events. Cultures were then plated on THY-Em plates to obtain individual mutants, which were then inoculated into 96-well plates containing THY broth supplemented with Em and grown overnight. The cultures were then spotted on THY agar plates with or without MV (5 mM), using a 48-pin replicator, and incubated at 37°C under microaerophilic conditions. Clones that grew on THY plates but failed to grow on THYϩMV plates were identified, cultured overnight in THY-Em at 37°C, and processed for analysis.
The location of the inserted ISS1 element was identified by inverse PCR. Templates generated by self-ligation of HindIII-or EcoRI-digested chromosomal DNAs, isolated from the mutants, were subjected to inverse PCR by using the primers ISS1Rout1 (GATTGTAACGTAGATAATAACCAACAGC) and ISS1Fout1 (GCAAGAACCGAAGAAATGGAACG). The PCR products were sequenced with primer ISS1-Rout2 (AATAGTTCATTGATATATCCTCGCTG TCA) to identify the flanking sequences, which were mapped on the genome of S. mutans UA159 by BLAST search analysis.
Mutants in which the plasmid vector sequence had been excised from the chromosome were obtained by growing the bacteria in plain THY broth at 30°C, which permits plasmid replication (25) . Em-sensitive (Em s ) colonies, from which the plasmid had been excised, were selected by plating on THY agar and incubation at 37°C. Em s colonies were confirmed for loss of the plasmid sequence by PCR with primers homologous to the flanking regions.
Construction of a ⌬SMU.1297 mutant. The SMU.1297 locus was deleted using a Cre-loxP-based, unmarked gene deletion system as described previously (5) . A PCR product, amplified from UA159 chromosomal DNA using the primers BamSmu1296 (GCCGGATCCGAATCTGGTTCTATCTTACTT) and Smu1297-R1 (GAAACGGTCGACACGTCCATCTGCTTG), was cloned into the pGEM-TEasy TA cloning vector (Promega) to generate pIB901. A Km resistance cassette, with flanking loxP sites, was amplified from pUC4⍀Km2 (34) using the primers lox71-Km-F and lox66-Km-R (5) and cloned into HindIII-digested, T4 DNA polymerase-blunted pIB901, yielding pIB904. Plasmid pIB904 was linearized with NotI and transformed into S. mutans UA159 as previously described (7) . The transformants were selected on THY plates containing Km; one such transformant was named IBS934 and retained for further analysis.
To excise the loxP-Km r resistance cassette from the chromosome, IBS934 was transformed with pCrePA (5, 36) . This plasmid contains a cre recombinase gene, an Em r gene for selection, and a temperature-sensitive replicon (pWV01). Transformants were grown at 30°C on THY-Em plates, and selected colonies were then grown at 30°C in THY-Em broth and plated on THY-Em plates; colonies from the THY-Em plates were then patched onto THY plates containing Km. Em r and Km s colonies were transferred onto antibiotic-free THY plates by patching and incubated overnight at 37°C to cure pCrePA from the cells, generating Em s cells that were selected for further analysis. Deletion of SMU.1297 was verified by PCR analysis.
Construction of a complementing plasmid for SMU.1297. A PCR fragment containing the entire SMU.1297 coding region plus a 1.4-kb upstream sequence was amplified from S. mutans UA159 by using the primers Eco-Smu1296-F3 (GGCGAATTCCTCAACTACCTGAACAGCACTC) and Bam-Smu1297-R3 (GGCGGATCCTTGACGACTGACAAGTTTTTATAC), which introduced a unique EcoRI site at the 5Јend and a unique BamHI site at the 3Ј end. The resulting 2.3-kb fragment was digested with EcoRI plus BamHI and ligated into EcoRI-BamHI-digested pOri23 (38) , an Em r shuttle plasmid that replicates in gram-positive bacteria, including S. mutans (8) , to create pIB1297.
Physiological characterization of the SMU.1297 mutant strains. To evaluate the sensitivity of the SMU.1297 mutant strains to superoxide-stress-inducing chemicals, an overnight bacterial culture was collected, washed twice, and resuspended in 0.85% NaCl. The cultures were adjusted to an optical density (A 600 ) of 2.0 or 5.0 and 10-fold serially diluted, and 7.5 l of each dilution was spotted onto THY agar containing MV (5 mM) or menadione (25 g/ml). To stimulate oxidative and thermal stresses, the cultures were spotted on THY agar containing 1 mM H 2 O 2 and puromycin (0.75 g/ml), respectively. To analyze the growth of S. mutans cultures at low pH, the initial pH of the THY agar medium was adjusted, prior to sterilization, to pH 5.5 or 7.0 with HCl (6). Sterile citratephosphate buffer (50 mM) of the desired pH was added to the media after sterilization. Different dilutions of S. mutans cultures, prepared as described above, were spotted onto the plates and incubated at 37°C, under microaerophilic conditions.
Cysteine starvation tolerance assay. For E. coli cysteine starvation tolerance assays, overnight cultures of a cysQ mutant strain, UM285 (27) , carrying either pIB1297 or the vector pOri23, were washed and 10-fold serially diluted with 0.85% NaCl. samples (7.5 l) were spotted onto CDM plates with or without 0.2% cysteine, followed by incubation of the inoculated plates at 37°C under ambient conditions. For S. mutans, the assays were performed in a similar manner, except that the plates were incubated at 37°C under microaerophilic conditions instead of ambient conditions. Purification of His-tagged SMU.1297. The entire coding region of SMU.1297 was amplified by PCR using the primers Eco-Smu1297-OF (GCCGAATTCAT GACTGCTTTTAAAACTATTCTAGC) and Bam-Smu1297-OR (GCCGGAT CCCTATTTTAGCAGATTTTTTAATTC). The amplified fragment was cloned into EcoRI and BamHI sites of pASK-IBA43 (IBA, St. Louis, MO) to generate plasmid pIB900, which expresses an N-terminal His-tagged SMU.1297 (His-SMU.1297) construct. The coding sequence was confirmed by DNA sequence analysis. His-SMU.1297 was purified using a Ni-nitrilotriacetic acid resin column was used following the manufacture's protocol (Qiagen). Purified His-SMU.1297 protein was dialyzed in buffer containing 100 mM Tris ⅐ Cl (pH 8.5), with 50 mM NaCl.
pAp phosphatase and oligoribonuclease assay. were stopped by the addition of an equal volume of 100 mM EDTA, followed by gentle mixing. The amount of liberated phosphate was measured with a phosphate colorimetric assay kit (BioVision, Mountain View, CA) according to the manufacturer's protocol. Briefly, 10 l of reaction mixture was added to a 96-well plate, and the volume in each well was adjusted to 200 l with water. Phosphate reagent (30 l) was then added to each well, followed by incubation of the plate at room temperature for 30 min. The absorbance was measured at 650 nm using a plate reader. The activity of the test samples was compared against a standard curve obtained using a known amount of phosphate. Oligoribonuclease activity was assayed using a custom-made 5-mer RNA oligonucleotide (5ЈCy5-CCCCC3Ј), which was labeled at the 5Ј end with a fluorescent dye, Cy5. RNA oligonucleotide (1 mM) was incubated with 10 g of purified His-SMU.1297 protein at 37°C in buffer containing 100 mM Tris ⅐ Cl (pH 8.8), 5 mM MnCl 2 , or MgCl 2 in a final volume of 100 l. At 15-min intervals over 60 min, 5-l aliquots were removed, the reaction was stopped by the addition of 5 l of sample buffer (4ϫ Tris-borate-EDTA [TBE], 100 mM dithiothreitol, 16% glycerol, 20 mM EDTA), and the mixtures were stored at Ϫ20°C until all of the samples were collected. The reaction products were loaded onto a 22% denaturing polyacrylamide gel containing 2ϫ TBE and 7 M urea and electrophoresed in 2ϫ TBE. The gel was visualized under UV light.
RESULTS
Isolation of S. mutans UA159 superoxide stress-sensitive mutants. ISS1 transposition mutagenesis was used to identify genes that are potentially involved in superoxide stress tolerance, since ISS1 appears to integrate itself randomly into the genome of gram-positive bacteria, including various streptococci (9, 41, 43) , and also because it rarely inserts more than once into the genome of the same cell (9, 41). Plasmid pGh9::ISS1, whose replication is temperature sensitive (25) , was used to introduce the insertion element into wild-type strain UA159. An Em r transformant containing pGh9:: ISS1was isolated and grown overnight at 30°C, and Em r colonies containing the ISS1 element were then isolated after incubation at 37°C. The insertion frequency, which was calculated by dividing the number of Em r colonies by the total number of colonies at 37°C, was found to be below 0.5%, consistent from one independent experiment to the next. This frequency was similar to the frequencies reported for other streptococci (9, 41, 43) .
A collection of ϳ2,500 mutants were grown in 96-well plates and replica-patched onto THY, with or without MV. A total of six mutants were obtained that displayed an MV-sensitive growth phenotype ( Fig. 1 ; also data not shown). In each case, Southern hybridization showed that ISS1 insertion had occurred at only one location (data not shown). The site of insertion was identified, as described in Materials and Methods, for each of the six MV-sensitive mutants. Two independent insertions occurred in the dnaK gene (SMU.82), which encodes heat shock protein 70. For the remaining four mutants, insertions were mapped to SMU.905 (encoding an ABC transporter), SMU.1128 (encoding the histidine kinase ciaH), SMU.1296 (encoding a putative glutathione S-transferase [GST]), and SMU.1297. With the exception of SMU.1297, all of these genes are known to encode products that are involved in superoxide stress tolerance in other bacteria; therefore, we elected to focus our studies on SMU.1297. SMU.1297 encodes a polypeptide of 311 residues; the ISS1 insertion occurred in this gene at codon position 21. SMU.1296 is found upstream of SMU.1297, while rpmE, which encodes the ribosomal protein L31, is found downstream of SMU.1297. An intergenic region of 70 bp lies between the SMU.1296 and SMU.1297 loci; this region contains a consensus TATA box (TATAAT) at a position 24 bp upstream of the ATG start codon of SMU.1297, indicating that SMU.1297 may be transcribed separately from SMU.1296. To determine if this is the case, linkage PCR analysis was performed using RNA isolated from exponentially grown cultures of UA159. As shown in Fig. 2B , it appears that both SMU.1296 and rpmE are transcriptionally linked to SMU.1297, indicating that SMU.1297 is cotranscribed with these genes.
SMU.1297 is involved in superoxide stress tolerance. To confirm that the observed phenotype of the SMU.1297 ISS1 insertion mutation did not result from additional spontaneous mutations elsewhere in the genome, a marker-free deletion mutation of SMU.1297 was constructed in strain UA159 using a Cre-loxP-based system, which was shown to work efficiently in S. mutans (5) . No obvious growth defects were observed in the SMU.1297 deletion mutant strain, IBS934, relative to the wild-type UA159 (data not shown). We also tested its ability to form a biofilm on polystyrene and glass surfaces using crystal FIG. 1. Verification of superoxide-sensitive phenotype. ISS1 transposon mutants that displayed an initial MV-sensitive phenotype were further verified by spotting of 7.5 l from a 10-fold dilution series, with a starting optical density (A 600 ) of 2.0 made in 0.85% NaCl, onto THY agar plates containing 5 mM MV (THYϩMV). As a control, cultures were also spotted on plain THY agar plates with no additions (THY). Experiments were repeated at least three times, and the relevant areas of the representative plates are shown. UA159 is the wild-type strain, while IBS921, IBS922, and IBS923 are independent MV-sensitive mutants.
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on October 2, 2017 by guest http://jb.asm.org/ violet staining (10) . We found that the biomass of the biofilm formed by IBS934 on various abiotic surfaces was similar to that of the wild-type parent (data not shown). IBS934 was tested for its ability to withstand exposure to MV. As shown in Fig. 3 , IBS934 displayed the same degree of sensitivity to MV exposure as the original ISS1 insertion mutant, IBS921. Complementation analysis was then performed to confirm that this effect was due to deletion of SMU.1297. A DNA fragment including SMU.1297 along with its potential promoter region was cloned into plasmid pOri23 (38) , which replicates in S.
FIG. 2. (A)
Construction of a SMU.1297 deletion mutant. The direction of transcription of SMU.1297 and adjacent genes in the chromosome of S. mutans is indicated by block arrows. The SMU.1297 deletion strain, IBS934, was constructed using a Cre-loxP-based markerless gene deletion system (see Materials and Methods) that removed the central part of the SMU.1297 gene (hatched box), and inserted a 34-bp lox72 sequence to disrupt the gene (vertical white line). The bar below the chromosome indicates the region of SMU.1297 that was cloned into the complementing plasmid pIB1297. The site of the ISS1 insertion is shown by an inverted triangle. The bent arrow indicates a putative promoter region upstream of SMU.1297 gene. The diagram is not drawn to scale. (B) Transcriptional linkage analysis of the SMU.1297 locus. RNA, isolated from S. mutans UA159, was used as a template to produce cDNA, on which PCR was performed (lanes 2 and 5). RNA (lanes 3 and 6), and chromosomal DNA (lanes 1 and 4) were included as controls. Primers 1 and 2 (5Ј-GCCGGATCGACTGGACTGAAAGAATCGCTCAG-3Ј and 5Ј-GCCCTCGAG CTGACTGCCTAATGCGTCAGGG-3Ј, respectively), shown by arrowheads in panel A, were used for the linkage analysis between SMU.1296 and SMU.1297, whereas primers 3 and 4 (5Ј-GGCCATCCATTAGCAAGTGGTG-3Ј and 5Ј-TTGGTAACCCGTTGAAGTATCC-3Ј, respectively) were used for the linkage analysis between SMU.1297 and rpmE.
FIG. 3.
Phenotypic characterization of the SMU.1297 deletion mutants. Overnight cultures of the wild type (UA159), the ISS1 insertion mutant (IBS921), the clean Cre-loxP deletion mutant (IBS934), and the complemented strain (IBS934/pIB1297) were grown in THY medium with appropriate antibiotics. Different dilutions of the overnight culture, with a starting optical density (A 600 ) of 5.0 made in 0.85% NaCl, were spotted on THY agar (THY) or THY agar supplemented with 5 mM MV (THYϩMV) or 25 g/ml menadione (THYϩMND) and incubated overnight under microaerophilic conditions at 37°C. Experiments were repeated at least three times, and relevant areas of the representative plates are shown.
VOL. 191, 2009 S. MUTANS pAp PHOSPHATASE IN SUPEROXIDE STRESS 4333
on October 2, 2017 by guest http://jb.asm.org/ mutans, to generate pIB1297, which was then introduced into IBS934 (Fig. 2) . As shown in Fig. 3A , transformation of IBS934 with pIB1297 eliminated the growth defect of the mutant strain during exposure to MV. To confirm that SMU.1297 is indeed involved in superoxide stress tolerance, the wild-type and SMU.1297 mutant strains were exposed to menadione, a quinone compound that generates superoxide anions in bacteria.
As shown in Fig. 3B , both IBS921 and IBS934 were more susceptible to menadione exposure than the isogenic wild-type parent strain. The menadione-induced growth defect of IBS934 was alleviated after complementation with pIB1297. Taken together, the results suggest that SMU.1297 is involved in superoxide stress tolerance. SMU.1297 does not take part in other stress responses. In various bacteria, a gene responsible for a specific stress response can also confer cross-protection against other stresses (13, 39) . To identify potential cross-resistance to other stresses, UA159 and IBS934 were exposed to oxidative, thermal, and acid stress conditions. H 2 O 2 was used to induce oxidative stress, while puromycin, a compound that induces premature chain termination during protein synthesis, was used to mimic thermal stress conditions. For acid stress, bacterial growth of the two strains in THY media buffered at pH 5.5 and pH 7.0 was compared. As shown in Fig. 4 , there were no significant differences between UA159 and IBS934, indicating that SMU.1297 is not involved in the response to oxidative, thermal, or acid stress conditions. SMU.1297 is required for cysteine biosynthesis. Analysis of the SMU.1297 sequence using a BLAST search against the microbial genome database at the National Center for Biotechnology Information website indicates that the gene is present in many bacteria, including Bacillus and Streptococcus (Fig. 5A) . In Bacillus subtilis, the homolog, known as YtqI, has been characterized by Mechold et al. (27) . Those investigators demonstrated that YtqI possesses dual activities: oligoribonuclease, which can cleave small RNAs (less than 5-mer), and 3Ј-phosphoadenosine-5-phosphate (pAp) phosphatase. The latter activity of YtqI is similar to that of the E. coli CysQ protein, which is required for sulfur assimilation (27) . Mechold et al. (27) have also shown that the expression of ytqI can restore the growth defect of an E. coli cysQ mutant, which cannot grow in the absence of cysteine. To test whether SMU.1297 has any physiological similarity to CysQ, E. coli strain UM285, which lacks a functional cysQ, was transformed with pIB1297, which expresses SMU.1297 from the P23 promoter (UM285/pIB1297). As a negative control, UM285 was transformed with pOri23 (UM285/pOri23), while UM285 transformed with plasmid pUM412, which expresses YtqI (UM285/pUM412), was used as a positive control. These strains were grown overnight in LB medium, washed thoroughly, and serially diluted in CDM lacking cysteine. Diluted cultures were then spotted onto CDM agar plates with or without cysteine and incubated overnight at 37°C. As shown in Fig. 6A , all of the strains grew well when the CDM was supplemented with cysteine, while neither UM285 nor UM285/ pOri23 could grow on CDM lacking cysteine. On the other hand, both UM285/pIB1297 and the positive control, UM285/ pUM412, grew very well on CDM without cysteine. This suggests that under in vivo conditions, SMU.1297 functions as a CysQ homolog, similar to YtqI.
The ability of SMU.1297 to complement a cysQ mutation in E. coli led to the investigation of the cysteine auxotroph phenotype of SMU.1297-deficient strains of S. mutans. To do so, two approaches were used: an agar plate-based method, similar to the technique used for the E. coli complementation assay, and a liquid-based assay. As shown in Fig. 6B , the insertion mutant, IBS921, and the targeted-deletion mutant, IBS934, failed to grow well in the absence of cysteine. Growth Cultures were prepared and spotted as described above, on THY plates containing 1 mM hydrogen peroxide (H 2 O 2 ), for oxidative stress, or on plates containing 0.75 g/ml puromycin (PU), for thermal stress. Plates were incubated overnight under microaerophilic conditions at 37°C. Experiments were repeated at least three times, and the relevant areas of the representative plates are shown. of strain IBS934 in cysteine-free medium was restored after transformation with pIB1297. To confirm that the SMU.1297-deficient strains are unable to grow in the absence of an external source of cysteine, bacterial growth was observed in liquid CDM. The wild-type strain is unable to grow in CDM completely devoid of cysteine; the minimum concentration of cysteine that can support growth of UA159 in CDM was found to be 0.075%. Therefore, CDM supplemented with 0.075% cysteine was used to monitor the growth of UA159, IBS934, and IBS934/pIB1297. As expected, IBS934 showed a drastic growth defect compared to the wildtype and complemented mutant strains. Taken together, these results support the results of the BLAST analysis that indicate that SMU.1297 encodes a protein with a function similar to that of CysQ and YtqI in vivo.
Since SMU.1297 was able to complement cysQ deficiency in E. coli, we asked whether the E. coli cysQ mutant is able to withstand MV exposure. We also included a B. subtilis ytqI mutant in the study, since YtqI and CysQ seem to be homologous proteins. We observed that both the E. coli cysQ and the B. subtilis ytqI mutant strains displayed the same degree of tolerance to MV exposure as their isogenic wild-type parental strains (data not shown). We also observed that, unlike S. mutans, the wild-type E. coli and B. subtilis strains failed to grow on plates containing 5 mM MV but grew if the MV concentration was less than 0.5 mM (data not shown). Thus, FIG. 6 . SMU.1297 is required for growth under cysteine starvation conditions. (A) Complementation of an E. coli cysQ mutant by the expression of SMU.1297. E. coli UM285, a cysQ-deficient strain, was transformed with vector plasmid pOri23 or pOri23 carrying the full-length wild-type SMU.1297 gene (pIB1297). As a positive control, UM285 containing pUM412, which contains the B. subtilis ytqI gene, was also included. Cultures were prepared as described in Materials and Methods, 10-fold serially diluted, and spotted on a semisynthetic minimum agar medium (CDM) with or without 0.2% cysteine. Plates were incubated overnight at 37°C under aerobic conditions. Experiments were repeated three times, and relevant areas of the representative plates are shown. (B) Growth of S. mutans under cysteine-depleted conditions. Fresh overnight cultures were washed with 0.85% NaCl, 10-fold serially diluted, and spotted on CDM with or without 0.2% cysteine. Plates were incubated 48 h at 37°C under microaerophilic conditions. Experiments were repeated four times, and relevant areas of the representative plates are shown. (C) Growth curve of S. mutans strains in CDM broth containing 0.075% cysteine.
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ZHANG AND BISWAS J. BACTERIOL. (27) . To determine whether SMU.1297 can degrade pAp in vitro, an N-terminally His-tagged SMU.1297 (His-SMU.1297) construct was generated and purified to near homogeneity using a Ni-nitrilotriacetic acid affinity column. After purification, the potential dephosphorylation activity of His-SMU.1297 was tested using pAp as a substrate. Since YtqI, CysQ, and other pAp phosphatases have maximum activity between pH 8.5 and 9.5, pH 8.8 was used for our assay. As shown in Fig. 7 , His-SMU.1297 catalyzes a time-and concentration-dependent phosphatase activity when pAp was used as a substrate. This phosphatase activity was dependent on the presence of divalent metal ions, since no activity was observed in their absence (data not shown). As anticipated, the protein was most active with Mn 2ϩ and Mg 2ϩ , which are the preferred cofactors for members of the phosphomonoesterase family (53) . Under the conditions tested, the specific activity of SMU.1297 was estimated to be about 0.08 nmol/g/min. This activity is approximately 75-and 400-fold lower than those of the YtqI and CysQ proteins, respectively (27) . Similar to that of other CysQ homologs, the phosphatase activity of SMU.1297 was very specific for pAp, since no enzymatic activity was observed when ADP, ATP, GDP, or GTP was used as a substrate. Taken together, the results strongly suggest that SMU.1297 encodes a pAp phosphatase that is involved in sulfur metabolism in this organism.
Oligoribonuclease activity is absent in SMU.1297. While both E. coli CysQ and B. subtilis YtqI exhibit pAp phosphatase activity, YtqI also demonstrates an oligoribonuclease activity in vitro. Since SMU.1297 shows more similarity to YtqI than to CysQ, it was speculated that SMU.1297 may also possess an oligoribonuclease activity. To this end, a custom-made 5-mer RNA oligonucleotide (5Ј-Cy5-CCCCC-3Ј) was used as a substrate, similar to what was used for the measurement of the oligoribonuclease activity of YtqI (27) ; the activity was assayed in a buffer containing divalent metal ions of either Mn 2ϩ or Mg 2ϩ . No oligoribonuclease activity was observed, even in the presence of 10 g of His-SMU.1297 and incubation up to 60 min (data not shown). Since YtqI is also able to degrade 24-mer RNA (27) , a 20-mer RNA was tested as a substrate for His-SMU.1297; as with the 5-mer, no oligoribonuclease activity was observed. Thus, it appears that SMU.1297 does not have any obvious oligoribonuclease activity.
DISCUSSION
The lifestyle of S. mutans is quite unique compared with that of other pathogenic streptococci, such as S. pyogenes or S. pneumoniae. The human oral cavity, the natural niche of this pathogen, is a very dynamic environment that undergoes rapid changes in temperature, pH, and osmotic and oxygen tension. To counteract various environmental fluctuations and growthlimiting conditions, like many other streptococci, S. mutans has also developed multiple strategies that allow it to successfully colonize and maintain a dominant presence in the oral cavity (21) . While most of the previous studies were focused on understanding the mechanisms of acid tolerance and oxidativestress responses, our knowledge of the mechanisms of superoxide stress tolerance and response remains limited. To gain further insight into this process, a collection of random insertion mutants of S. mutans UA159 was screened to select clones with high sensitivity to MV. This approach allowed us to iden- FIG. 7 . pAp phosphatase activity of S. mutans SMU.1297 protein.
(A) pAp phosphatase activity as a function of time. Reaction mixtures containing 5 g of protein and 40 M pAp were incubated for various lengths of time at room temperature. The reaction buffer contained either MnCl 2 or MgCl 2 , as described in the text. Reactions were stopped by the addition of an equal volume of 100 mM EDTA, the liberated phosphates were quantified using a phosphate colorimetric assay kit (malachite green method) as described in Materials and Methods, and the absorbance was measured using a BioTek Synergy HT reader, at 600 nm. (B) pAp phosphatase activity as a function of protein concentration. The assay for phosphatase activity was carried out for 20 min, at room temperature, in the presence of increasing amounts of His-SMU.1297 protein and 40 M pAp. The liberated phosphate was quantified as described for panel A. For both the graphs, the y axis shows percent conversion of pAp to AMP and inorganic phosphate.
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on October 2, 2017 by guest http://jb.asm.org/ tify genes that may be responsible for superoxide stress defense, without prior knowledge of the genes' function(s). In this study, we screened only ϳ2,500 such mutants; therefore, the screening process was by no means exhaustive. There were other drawbacks associated with the approach used. An insertion in an essential gene would not have been identified in this study, and mutants with a weak phenotype could potentially be overlooked by our screening process. Among the five loci that were identified in our analysis, two of the genes, dnaK and ciaH, were previously reported as important players in the oxidative-stress response in streptococcus and other bacteria (1, 14, 32, 37, 56) , signifying that the screening method used here is a viable approach. However, we did not identify the sodA gene, which encodes the SOD activity, nor did we identify mreD, rodA, pbp2b, or other genes that were isolated by Thibessard et al., who attempted to identify superoxide stressresponsive loci in Streptococcus thermophilus (43) . Our inability to identify these genes is likely due to the nonexhaustive nature of the screening process. On the other hand, three unique loci were identified by our search: an ABC transporter-encoding gene (SMU.905), a GST gene (SMU.1296), and SMU.1297. In this study, we further characterized the SMU.1297 locus. SMU.1297 shows strong homology to the B. subtilis YtqI protein, which is a functional homolog of the E. coli CysQ protein (27) . In E. coli, the CysQ protein contains a pAp phosphatase activity and is required for sulfur metabolism (30, 42) . In the sulfur assimilation pathway, adenosine 5Ј-phosphosulfate (APS), an active intermediate, is phosphorylated by APS kinase to form the universal sulfuryl group donor 3Јphos-phoadenosine-5Ј-phosphosulfate (pApS) or reduced by APS reductase to form sulfite (12, 30, 35) . The sulfuryl group is then transferred from pApS by sulfuryl transferases to various metabolites to form sulfated metabolites and pAp. This transfer sometimes involves thioredoxin-or glutaredoxin-bound intermediates (45, 46) . pApS is also converted by pApS reductase to pAp and sulfite, which is later incorporated into sulfur-containing metabolites. CysQ is the key protein that regulates the intracellular concentration of pApS, which is highly cytotoxic at high concentration (30, 33) . CysQ, in addition to pAp degradation, can also convert pApS to APS (29, 42) , thereby controlling the intracellular level of pApS. We believe that, similar to B. subtilis YtqI, SMU.1297 is also a functional homolog of CysQ, since it can complement a cysQ-deficient strain of E. coli in vivo, and it displays a pAp phosphatase activity under in vitro conditions. However, the pAp phosphatase activity displayed by SMU.1297 was one or two orders of magnitude lower than that of YtqI and CysQ. This difference in activity could be due to the incorporation of the histidine tag in the SMU.1297 protein, which could interfere with the phosphatase activity, or to the different assay conditions used in this study. Nevertheless, the phosphatase activity was sufficient to complement a cysQ-deficient strain of E. coli. Therefore, SMU.1297 probably participates in sulfur assimilation and controls the intracellular level of pAp and pApS in S. mutans.
YtqI of B. subtilis is one of the two gram-positive pAp phosphatases that have been biochemically characterized (27) , the other being Rv2131c of Mycobacterium tuberculosis (17) . However, unlike Rv2131c, YtqI has an additional oligoribonuclease activity, similar to the E. coli oligoribonuclease activity encoded by orn (15, 54) . A study by Mechold et al. suggested that the dual activity contained by various YtqI homologs could be present in other members of the Firmicutes, including streptococci (27) . Although the substrate and conditions used in our study were similar to the conditions used to assay YtqI activity, we were unable to detect any oligoribonuclease activity in the purified SMU.1297 protein, and there are several possible reasons for this observation. The substrate, a 5-mer RNA fragment, may not be the ideal substrate for SMU.1297. On the other hand, the in vitro assay conditions may not have been optimum for its activity. Alternatively, the biochemical properties and activity of SMU.1297 may be different from YtqI, since the lifestyles of B. subtilis and S. mutans are very different: the former is a strictly aerobic organism, while the latter is a facultative anaerobic organism. A BLAST search using YtqI as the query against the S. mutans UA159 genome also identified a putative protein, the product of SMU.2140, that shares a high degree of similarity with YtqI (an E value of 5e-09). The gene SMU.2140 encodes a hypothetical protein of 657 residues. Whether SMU.1297 and SMU.2140 possess any oligoribonuclease activity remains to be explored.
Sequence analysis of the SMU.1297 protein indicates that residues 10 to 153 constitute a highly conserved domain with strong homology (E value ϭ 2.3e-42) to the DHH family (Pfam ID, PF01368) of proteins (3). The DHH family includes diverse proteins such as the Drosophila prune gene product, yeast exopolyphosphatase, YtqI, recombinational exonuclease RecJ, inorganic pyrophosphatase, and many other hypothetical proteins (3, 27, 40, 44, 47) . The active residues of this domain are distributed among the four motifs (I to IV); motif III is the most important, since it contains the signature DHH sequence that constitutes the catalytic site (3). SMU.1297 also contains another highly conserved domain (residues 248 to 307), known as DHHA1 (Pfam ID, PF02272). This DHHA1 domain, which is about 60 residues long with a conserved GGG motif, is generally found adjacent to the DHH domain and is characteristic of members belonging to the DHH subfamily 1 (3) . Because this domain is also found in alanyl-tRNA synthetase, it may have an RNA binding function. Of note, SMU.2140 also contains both the DHH and the DHHA1 domains; therefore, it is possible that SMU.2140 may have biochemical properties similar to those exhibited by SMU.1297.
The molecular mechanisms by which SMU.1297 confers superoxide stress tolerance are currently unclear. Since SMU.1297 appears to be involved in the sulfur assimilation pathway, one could imagine that pApS would accumulate in higher concentrations in SMU.1297-deficient cells. Since high intracellular levels of pApS can inhibit the function of many enzymes (33) , it is possible that increased amounts of pApS interferes with the function of proteins involved in superoxide stress response in S. mutans. Alternatively, SMU.1297 could also modulate intracellular levels of pAp and regulate biosynthesis of reduced sulfur-containing metabolites, since pAp is a competitive inhibitor of pApS reductase (29, 33) . Intracellular accumulation of pAp also negatively interferes with many enzymes, including oligoribonuclease (28) and phosphopantetheinyl-transferase, an enzyme involved in fatty acid biosynthesis and production of secondary metabolites (51) . Therefore, high levels of pApS or pAp could inhibit the activity of a key protein involved in superoxide stress tolerance. SOD is one of the key enzymes involved in the superoxide stress tolerance response, by catalyzing the dismutation of the superoxide radical into O 2 and H 2 O 2 , an important function required for the defense against oxygen toxicity (19) . To verify whether the activity of SOD is altered in the SMU.1297-deficient strains, we measured the SOD activity by preparing crude cellular extracts from IBS934 and UA159; we found no difference in the SOD activity in these two strains (data not shown). Thus, it is unlikely that the intracellular concentration of pApS or pAp modulates the SOD activity.
The observed phenotype is probably unique to S. mutans, since the E. coli cysQ and B. subtilis ytqI mutants did not display a superoxide stress-sensitive phenotype. Since SMU.1296 is transcriptionally linked to SMU.1297, it is tempting to speculate that the SMU.1296 protein could be another target whose activity could be altered in SMU.1297-deficient cells. SMU.1296 shows strong homology to the bacterial GST proteins, and the gene is also annotated as a GST-encoding gene in the National Center for Biotechnology Information database. Of note, we also isolated an independent insertion in the SMU.1296 locus that showed increased sensitivity to the presence of superoxide radicals. The physiological role of bacterial GST is not very well defined, and not all bacteria contain GST (49, 50) . In general, GST can use 1-chloro-2,4-dinitrobenzene (CDNB) as a substrate and can bind to glutathione affinity matrices (50) . Moreover, some bacterial GSTs, such as FosB of Staphylococcus epidermidis, are required for phosphomycin resistance (55). When we tested crude cell lysates isolated from exponentially grown cultures of S. mutans for GST activity, no detectable activity against CDNB was observed. Furthermore, the wild type and the SMU.1297 mutant exhibited the same degree of resistance against phosphomycin (data not shown). Thus, these activities do not appear to be required for superoxide stress tolerance. Another possibility is that SMU.1297 is directly involved in counteracting superoxide radical toxicity, by sequestering the superoxide anion or converting it to a less toxic or nontoxic compound. Further characterization is required to understand the mechanisms by which SMU.1297 confers superoxide stress resistance in this organism.
Analysis of the genomic context suggests that in streptococci, there is a topological association between SMU.1297 and rpmE, which encodes the 50S ribosomal protein L31; our transcriptional analysis indicates that these two genes are transcriptionally linked as well. Therefore, it is possible that SMU.1297 may be directly or indirectly involved in protein translation, likely during conditions of stress. This topological association was not observed in B. subtilis or Staphylococcus aureus, both of which are aerobic organisms. Therefore, it is tempting to speculate that SMU.1297 and its homologs in other streptococcal species have evolved to perform a genusspecific function. A recent DNA microarray analysis in Streptococcus pyogenes indicates that Spy0720, the SMU.1297 homolog, is strongly induced during infection (48) ; therefore, in addition to superoxide stress tolerance, these proteins also appear to be involved in pathogenesis. Further analysis will be required to determine if this is the case in S. mutans or other pathogens.
